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Preface 
The 22nd Solvay Conference on Chemistry assembled 43 chemists, physicists, biologists and quantum information 
scientists on 13-16 October 2010 at the Hotel Metropole in Brussels to discuss the role of quantum effects in 
chemistry and biology. 
Quantum effects, of course, account for the stability of molecules and macromolecules by creating sizeable energy 
gaps between ground and excited electronic states.  These same energy gaps enable the energy of optical photons to 
be used for chemical transformations, enabling, for example, the storage of solar energy as chemical energy in 
photosynthesis, or the use of photochemical isomerization as a light detector in the visual process. 
The conference focused not on the equilibrium effects of quantum mechanics, important though they are, but rather 
on dynamical processes. Topics included quantum interference effects, the roles of quantum superposition states in 
various chemical and biological phenomena, the tunneling of light particles (electrons, H atoms), and the influence 
of the environment in disrupting quantum phenomena widely viewed as delicate and easily destroyed by 
environmental effects, especially at physiological temperatures. The conference opened with two introductory talks 
on quantum effects in chemistry (S.A. Rice) and biology (G.R. Fleming).  Both talks concluded with a set of 
questions reproduced below. 
The explicit use of quantum descriptions of chemical phenomena has a much longer history than do such 
descriptions of biological phenomena.  For example,  the study of excitons in molecular crystals, and of radiationless 
transitions in electronically excited molecules have long used explicit quantum descriptions, in contrast to, say, 
classical trajectories run on a quantum mechanically calculated potential surface which we view as implicit use of 
quantum mechanics.  The understanding of the quantum nature of radiationless transition in particular led to the 
important development of the ability to exert active control over molecular dynamics [1].  There are several different 
approaches to ‘coherent control’ all of which exploit interference associated with the combined molecule-optical 
field system, and are thus explicitly quantum in nature.  The opening talk by Stuart Rice (Chicago) “Overview of 
Some Quantum Effects in Chemistry” summarized the study of molecular excitation transport and radiationless 
transitions leading to current developments in coherent control and concluded with the following questions: 
1) For a specified quantum system and environment, is there an analogue of the Second Law of 
Thermodynamics that describes the limit to efficiency of control that can be achieved? 
2) Can we quantitatively characterize quantum control mechanisms for complex molecular systems sustaining 
decoherence? To what extent can decoherence be minimized by pulse shaping and time-independent 
Hamiltonian design? 
3) How can efficient quantum state (density matrix) estimation methods be leveraged to maximize 
information acquisition per measurement and reduce the destructive effects of measurement-based 
feedback? 
4) Can we design active schemes that are maximally insensitive to the influence of fluctuations and/or noise 
on the control of processes in the system of interest? 
5) Can we control the degree of entanglement of the system and its environment to maximize the 
controllability of target observables? 
6) What does local controllability theory look like for open quantum systems? 
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7) Can local controllability of open quantum systems be used to develop a theory of perturbative feedback and 
feed-forward control analogous to that now dominating classical control theory and applications? 
8) Can we use a map of an experimental control process to learn about the nature of an open system, that is, 
its environment and noise?  Can we design environments that optimize coherent processes in an embedded 
system of interest? 
 
The role of quantum effects in biology has a long history.  Francis Perrin first put forward a quantum theory of 
energy transfer relevant to photosynthetic light harvesting in 1932 [2].  The famous book What is Life? by Erwin 
Schrödinger [3] created much interest, but clear experimental demonstrations of quantum phenomena in biology was 
lacking until recently.  The situation was put into clear perspective by Longuet-Higgins in 1962  [4]:  
…the illumination afforded by quantum mechanics is like indirect lighting, reflected from physical 
chemistry and solid state physics.  Most of the phenomena confronting the biologist differ only in 
complexity and not in essence from those which occur in non-living matter, and it is usually more fruitful 
to look for simple physical analogies than to engage in purely quantum mechanical discussions.  This is 
not to deny the importance of quantum mechanics, but we must be careful to avoid the aura of mystery 
which can so easily be produced by reference to ‘quantum mechanical effects’.   
Yet, in the last decade, strong evidence for quantum phenomena playing a role in biological phenomena has 
emerged. With the greater precision available to biology in constructing spatial and energetic landscapes, it is clearly 
possible to counter the greater complexity and “warm, wet, noisy” environments of living things posing a challenge 
to create equivalent functionality.  
The conference contained detailed discussions of photosynthetic light harvesting and its implications for our 
understanding of condensed phase quantum dynamics, as well as connections to quantum information theory. 
Detailed discussions of H-atom tunneling in enzyme-catalyzed reactions, and the radical pair mechanism thought to 
underpin one type of magnetic compass used in bird navigation were also given. Topics in chemistry included 
conduction through single molecules, exciton diffusion in organic semiconductors, electron transfer and 
superexchange, and the control and measurement of coherent phenomena. 
The opening talk by G.R. Fleming (UC Berkeley) “Quantum Effects in Biology”, after providing some general 
perspective, focused on recent studies of quantum coherence in photosynthetic light harvesting.  He concluded with 
the following questions: 
1) Are non-trivial quantum effects present? Are some biological phenomena operating in a regime where 
classical approximations break down–even at physiological temperatures? 
2)   If they are, do they bring new functions and design features to biology? What are these? 
3)  Are our experimental methods adequate for the study of quantum effects? Is studying ensemble dynamics 
sufficient? Are experiments in bases other than excitonic possible? What new information does this make 
available? 
4) What is the right way to interpret ultrafast experiments? Ensemble versus microscopic dephasing 
(decoherence)? Coherent versus incoherent photoexcitations? How valuable are quantum information-based 
formulations to understanding biological functions? 
5)  Are our theoretical methods adequate? Are statistical methods based on density operators adequate? 
6)  Do we understand the role of the environment (protein)? Energy tuning? Correlated fluctuations vs. weak 
coupling? Non-Gaussian distributions? 
7) Can we study the role of the environment directly? 
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8) Can any or all of the above lead to new practical applications of quantum mechanics? 
 
There were many themes of the lively discussions that followed the formal presentations. For instance, the question 
of basis states was a cause of confusion because coherence (or entanglement) defined in, for example the basis of 
excitation localized on molecular sites, can be absent when the electronic Hamiltonian is appropriately diagonalized. 
The resolution is that non-trivial coherence leads to an evolution of the system such that dynamics cannot be 
described solely as population transfer in any basis. Related issues were vigorously debated on the subject of 
entanglement and its relevance to problems such as photosynthetic light-harvesting; do these quantum information 
measures help us understand better how such systems operate? It was concluded that quantum information measures 
can help to resolve additional insights into how a complex system evolves after photoexcitation when it is subject to 
decoherence, but the experts in this field were urged to elucidate what these new insights are and how they advance 
our knowledge of photosynthetic light-harvesting mechanisms.  
Since decoherence is so significant in erasing coherence in complex chemical and biological systems, the detailed 
nature of the ‘bath’, or the environment, around the light-absorbing molecules, was identified as something that 
needs great attention in the coming years. Phenomenological descriptions of the bath are useful, but the future calls 
for descriptions with atomic-level detail and analogous insights from experimental measurements. An important 
question concerns how to obtain more detailed experimental measurements of quantum-coherent dynamics. Process 
tomography was proposed, but as yet it is unclear if it is feasible for complex systems. The possibility that electron 
transfer pathways can be controlled in chemical systems, thereby providing a way to modify quantum interference, 
was proposed. A compelling description of magnetic orientation based on the radical pair mechanism was presented. 
However, it is still unclear what role light plays, for example, sea turtles that are thought to employ this mechanism 
to navigate at night. Quantification of such issues present a challenge for future work. 
The conference produced very extensive and far ranging discussions.  We hope, and expect, that many of those 
discussions, reproduced in detail in this volume, will inspire and provoke profound developments in the application 
of quantum mechanics to dynamical processes in chemistry and biology. 
The special nature of Solvay Conferences is a result of the ongoing commitment and engagement of the Solvay 
family. We are very grateful for their generosity. We also want to thank the Solvay Institutes, especially Marc 
Henneaux and Anne De Wit. The organization of the 22nd Solvay Conference has been made possible thanks to the 
generous support of the Solvay Company, the Belgian National Lottery, the Université Libre de Bruxelles, the Vrije 
Universiteit Brussel, the Communauté Française de Belgique, the Vlaamse Regering, Belspo, the David and Alice 
Van Buuren Foundation and the Hotel Metropole. Dominique Bogaerts and Isabelle Juif organized everything 
perfectly and smoothly. Auditors from Belgium and Berkeley transcribed the discussions and members of Greg 
Scholes' group in Toronto helped to proof the transcripts, adding substantially to the value of the proceeding. 
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